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ian JourAbstract Nanoparticles of Zn1xMnxO (x= 0.022, 0.061 and 0.098) were synthesized by a mod-
iﬁed solvothermal method through the oxalate precursor route. The precursors were characterized
by TG/DTA analysis. Their kinetics has also been studied using the Freeman and Carroll method.
The prepared oxide nanoparticles were investigated by powder X-ray diffraction (PXRD), transmis-
sion electron microscopy (TEM), optical and BET surface area studies. PXRD patterns were
matched with hexagonal ZnO structure, however few impurity peaks of ZnMnO3 appeared. Reﬂec-
tance measurements showed that Mn2+ is incorporated in the Zn matrix. The band gap decreases
on increasing Mn concentration. The particle size decreases from 18 to 9 nm and the surface area
increases (255.4–582.9 m2g1) on increasing Mn concentration. All these solid solutions show para-
magnetic behaviour with very weak antiferromagnetic interactions. The effective magnetic moment
of these nanoparticles comes out to be 4.91, 4.77 and 4.18 lB/Mn
2+.
ª 2013 Production and hosting by Elsevier B.V. on behalf of King Saud University.1. Introduction
Incorporating impurity ions into a semiconducting host to ex-
tend its properties has been one of the most important tech-
niques that paved the way for the modern technology based26981717x3261; fax: +91 11
. Ahmad).
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nal of Chemistry (2013), http://dx.on spintronic devices. Compared with conventional semicon-
ductor devices, the potential advantages of spintronic devices
are to increase data processing speeds, decrease electric power
consumption and increase integration densities. Experimen-
tally, room temperature ferromagnetism has been reported in
V (Hong et al., 2005), Co (Jayakumar et al., 2006), Ni (Sch-
wartz et al., 2004), Fe (Karmarkar et al., 2007), Cu (Herng
et al., 2007) and Mn (Guo et al., 2008) doped ZnO systems.
The key need for achieving practical applications of spintronic
devices is to increase the Curie temperature Tc of dilute mag-
netic semiconducting material to above room temperature.
Among all the transition metal doped ZnO, Mn-doped
ZnO has its own advantage because of its intrinsic physical
properties of a large magnetic moment due to the half-ﬁlleding Saud University.
s of Zn1xMnxO nanoparticles using oxalate precursor route: Optical
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2 T. Ahmad et al.3d band and relatively small ionic radius difference between
Mn2+ (0.66 A˚) and Zn2+ (0.60 A˚) host cation (Sato and Yos-
hida, 2002; Mandal et al., 2006). Several experimental reports
are available in the literature for the appearance of ferromag-
netism above room temperature in Mn-doped ZnO synthesized
by different methods such as solid state reaction, chemical and
citrate method (Theodoropoulou et al., 2003; Norberg et al.,
2004; Radovanovic and Gamelin, 2003; Sluiter et al., 2005)
and also on thin ﬁlms made under non-equilibrium conditions
(Neal et al., 2006; Cho et al., 2002; Kittilstved et al., 2005; Heo
et al., 2004). However, controversy between the research
groups was reported on the magnetic behaviour of these mate-
rials. Sol–gel synthesis of Mn doped ZnO (1, 2, 3, 4, 5 at.%)
showed different magnetic behaviour with different Mn con-
centration. 1% Mn exhibit diamagnetism, however 5% Mn
show both paramagnetic and ferromagnetic behaviour (Omri
et al., 2013). Recently, Mn-doped ZnO of a similar composi-
tion has been reported using reverse micelles (Khatoon et al.,
2012) in which the size of nanoparticles was comparatively
high (20–50 nm). Very recently, Zn0.69Mn0.31O (2–5 nm) nano-
particles exhibit paramagnetic behaviour with antiferromag-
netic coupling (Khatoon et al., 2013).
In this paper, we report the optical and magnetic properties
of Zn1xMnxO nanoparticles synthesized by the solvothermal
method through the oxalate precursor route. Recently, this
method has been used for the preparation of nanocrystalline
Zn1xNixO (Khatoon and Ahmad, 2012), Cd1xMxO
(M=Mn and Ni) (Ahmad et al., 2013; Ahmad et al., 2013)
and In2xMxO3 (M=Mn and Ni) (Khatoon et al., 2012; Ah-
mad et al., 2013) with controlled morphology. Using this
method, we have achieved a very high surface area for these
nanoparticles for the ﬁrst time.
2. Experimental
Zn1xMnxO (x= 0.022, 0.061 and 0.098) nanoparticles were
synthesized by the solvothermal method through the oxalate
precursor route. All metal salt solutions were prepared in dou-
ble distilled water of 0.1 M concentration. Stoichiometric
amounts of zinc acetate dihydrate (CDH, 98.5%) and manga-
nese acetate tetrahydrate (CDH, 99%) were well mixed in a
500 mL round bottom ﬂask and stirred for about 30 min.
The mixture was precipitated with 75 mL of aqueous solution
of ammonium oxalate. A white suspension immediately
formed. 75 mL of ethanol was also added to the reaction mix-
ture to form the low boiling azeotrope with water. The reac-
tion mixture was reﬂuxed at about 80 C for 12 h in the
closed environment so that the volume of reaction mixture re-
mains constant. The precipitate was recovered by centrifuga-
tion, washed several times with water and ﬁnally with
acetone. The precipitate was dried in an oven at 55 C and ﬁ-
nally ground to powder. Zn1xMnxO nanoparticles were ob-
tained by thermal decomposition of the precursor at 450 C
for 6 h in air.
3. Characterization techniques
The crystalline phases of Zn1xMnxO were characterized by
powder X-ray diffraction using a Bruker D8 Advance X-ray
diffractometer with Ni-ﬁltered Cu-Ka radiation. Normal scans
were recorded with a step size of 0.050 and step time of 1 s.Please cite this article in press as: Ahmad, T. et al., Solvothermal synthesi
and magnetic properties. Arabian Journal of Chemistry (2013), http://dx.Thermal decomposition of the samples were studied by ther-
mogravimetry (TG) and DTA with a EXSTAR 6000 instru-
ment in nitrogen atmosphere at a heating rate of
15 C min1 with alumina as a reference sample. The order
of reaction and activation energy can be calculated from the
thermogram using Freeman and Carroll relation (Freeman
and Carroll, 1958):
ðE=2:3RÞDð1=TÞ
DlogWr
¼ xþ Dlogðdw=dtÞ
DlogWr
where E is the activation energy, R is the gas constant, dw, dt
and DT are the change in mass, time and temperature (in kel-
vin) respectively andWr is the change in dw. The activation en-
ergy was determined from the slope (E/2.3 R) by plotting a
graph of [Dlog(dw/dt)/DlogWr] Vs [D(T)
1/DlogWr].
The composition of solid solutions was estimated by ICP-
MS analysis using Agilent 7500a Inductively Coupled Plasma
(ICP) with MS Detector. The crystal size and morphology
have been studied by transmission electron microscopy
(TEM) using FEI Technai G2 20 transmission electron micro-
scope with an accelerating voltage of 200 kV. The TEM spec-
imens were prepared by dispersing the samples in ethanol and
placing a drop of the dispersed sample in a copper grid. Room
temperature optical properties were recorded using the ocean
optics lambda-25 UV–visible spectrophotometer in the reﬂec-
tance mode. The powder samples were compacted to pellets.
The energy band gap of these nanoparticles can be further cal-
culated by the reﬂection spectra using the Kubelka–Munk
remission function F(R) (Kortum, 1969):
FðRÞ ¼ ð1RÞ2=2R
where R is the diffuse reﬂectance
Speciﬁc surface areas of the samples were determined by
Quantachrome instruments (Model NOVA 2000e surface area
and pore size analyser). Samples were degassed at 250 C for
3 h in vacuum because of the removal of any adsorbed gases.
After degassing, speciﬁc surface areas were obtained from
the nitrogen adsorption experiments measured at 77.35 K.
Magnetic properties of as-prepared Zn1xMnxO (x= 0.022,
0.061 and 0.098) nanoparticles were investigated using a Quan-
tum design physical properties measurement system.
4. Results and discussion
Fig. 1 shows TG and DTA curves recorded at 15 C min1 up
to 500 C for the thermal decomposition of Mn-doped zinc
oxalate precursors in nitrogen atmosphere. The TG curves dis-
play two well-deﬁned weight loss steps. The ﬁrst one is attrib-
uted to the loss of water of hydration of Mn-doped zinc
oxalate in the temperature range 95–200 C. The measured
weight loss accompanying this step is about 18.5% of the total
weight resulting in the elimination of two water molecules. It is
characterized by a broad endothermic DTA peak in the tem-
perature range of 105–220 C. This dehydration step was
found to be completed at about 200 C. The anhydrous oxalate
was thermally stable up to 330 C after which it starts to
decompose in the second TG step. Heating from 330–440 C
results in a complete collapse of the material to its correspond-
ing oxides with the simultaneous evolution of CO and CO2.
The decarbonylation and decarboxylation reactions are char-
acterized by the two exothermic DTA peaks in the temperatures of Zn1xMnxO nanoparticles using oxalate precursor route: Optical
doi.org/10.1016/j.arabjc.2013.07.046
Figure 1 TG/DTA curves of Zn1xMnxC2O4 nanoparticles for
x= (a) 0.021, (b) 0.059, and (c) 0.097.
Figure 2 [Dlog (dw/dt)/DlogWr] Vs [D(T)
1/DlogWr] plot for the
determination of order of reaction and activation energy of
Zn1xMnxC2O4 nanoparticles for x= (a) 0.021, (b) 0.059 and (c)
0.097.
Figure 3 Powder X-ray diffraction pattern of Zn1xMnxO
Solvothermal synthesis of Zn1xMnxO nanoparticles using oxalate precursor route: Optical and magnetic properties 3range 330–410 C and 410–450 C respectively, attributed to
the decomposition of anhydrous oxalate with the formation
of carbonate followed by the formation of its corresponding
oxides. The residual weight corresponds to Mn-doped ZnO,
which is conﬁrmed by powder X-ray diffraction studies. On
the basis of TG and DTA results, brown precipitate of
Zn1xMnxO (x= 0.022, 0.061 and 0.098) nanoparticles were
obtained by the decomposition of precursors at 450 C for 6 h.
Zn1xMnxC2O4:2H2O !95200

C
Zn1xMnxC2O4 þ 2H2O ð1Þ
Zn1xMnxC2O4 !330410

C
Zn1xMnxCO3 þ CO " ð2Þ
Zn1xMnxCO3 !410440

C
Zn1xMnxOþ CO2 " ð3ÞPlease cite this article in press as: Ahmad, T. et al., Solvothermal synthesi
and magnetic properties. Arabian Journal of Chemistry (2013), http://dx.The order of reaction for 2.08, 5.95 and 9.69% Mn-doped
ZnC2O4.2H2O has been calculated from Freeman and Carroll
plot (Fig. 2) and found to be 0.76, 0.88 and 0.74 respectively
which is nearly the same for all the three compositions. The
estimated activation energy comes out to be 290, 303 and
334 kJ/mol respectively. It has been observed that the activa-
tion energy increases on increasing Mn concentration from
2.08% to 9.69%. This may be due to the less electronegativity
of Mn (1.55) than that of Zn (1.69). As a result, positive charge
increases on Zn2+ ion, resulting in strengthening of C-OI bond
(Knaepen et al., 1996). As the C-OI bond becomes stronger,
activation energy increases.
M
OI – C = OII
OI – C = OIInanoparticles for x= (a) 0.022, (b) 0.061, and (c) 0.098.
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Figure 4 TEM micrographs of Zn1xMnxO nanoparticles for
x= (a) 0.022, (b) 0.061, and (c) 0.098.
Figure 5 UV–visible reﬂectance spectra of Zn1xMnxO
(x= 0.022, 0.061 and 0.098) nanoparticles.
Figure 6 [F(R) · Eg]2 versus energy plot for direct band gap
determination of Zn1xMnxO (x= 0.022, 0.061 and 0.098)
nanoparticles.
Table 1 Estimated composition of Zn1xMnxC2O4 using ICP-MS studies.
S. no. Amount of Mn used in synthesis (%) ICP-MS for Zn1xMnxC2O4 Estimated composition
Zn (%) Mn (%)
1 5 97.92 2.08 Zn0.979Mn0.021C2O4
2 10 94.05 5.95 Zn0.941Mn0.059C2O4
3 15 90.31 9.69 Zn0.903Mn0.097C2O4
Table 2 Estimated composition of Zn1xMnxO using ICP-MS studies.
S. no. Amount of Mn used in synthesis (%) ICP-MS for Zn1xMnxO Estimated Composition
Zn (%) Mn (%)
1 5 97.81 2.19 Zn0.978Mn0.022O
2 10 93.86 6.14 Zn0.939Mn0.061O
3 15 90.20 9.80 Zn0.902Mn0.098O
4 T. Ahmad et al.
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Figure 8 BJH plot of Zn1xMnxO (x= 0.022, 0.061 and 0.098)
nanoparticles.
Table 3 BET surface area, BJH pore radius and particle size
of Zn1xMnxO (x= 0.022, 0.061 and 0.098) nanoparticles.
Composition Particle
size (nm)
BET surface
area (m2g1)
BJH pore
radius (A˚)
Zn0.978Mn0.022O 18 255.4 18.38
Zn0.939Mn0.061O 15 520.4 16.42
Zn0.902Mn0.098O 9 582.9 16.40
Figure 7 Nitrogen adsorption–desorption isotherms of
Zn1xMnxO (x= 0.022, 0.061 and 0.098) nanoparticles.
Solvothermal synthesis of Zn1xMnxO nanoparticles using oxalate precursor route: Optical and magnetic properties 5The XRD patterns of the obtained oxides after calcination at
450 C are shown in Fig. 3. The XRD pattern of Mn-doped
ZnO demonstrated highly crystalline wurtzite ZnO (JCPDS
No. 80-0075). However, few impurity peaks of ZnMnO3 have
been detected (marked as *). The formation of ZnMnO3 will
start immediately after surpassing the solubility limit of
Mn2+ in ZnO reaching its maxima (Saraf et al., 2010). XRD
results showed that the solubility limit of Mn2+ ions in ZnO
is less than 2.19% because a new phase of ZnMnO3 arises
which is clearly seen in the XRD pattern (Kim et al., 2010;
Omri et al., 2013). The ionic radii of Mn2+ (0.66 A˚) is greater
than Zn2+ (0.60 A˚), due to this, the larger Mn cations come
out from the wurtzite structure to form the ZnMnO3 impurity
(Ruby et al., 2007).
The actual percentage of manganese in the doped Zn-oxa-
late and zinc oxide nanoparticles was obtained by ICP-MS
analysis. Result showed that the amount of manganese incor-
porated into the Zn host lattice is less than the amount of Mn
used during the synthesis. This may be due to the less solubility
of Mn than Zn. The ICP data and estimated molecular for-Please cite this article in press as: Ahmad, T. et al., Solvothermal synthesi
and magnetic properties. Arabian Journal of Chemistry (2013), http://dx.mula of Zn1-xMnxC2O4 and Zn1xMnxO using ICP is shown
in Tables 1 and 2 respectively.
The morphology and particle size have been estimated from
transmission electron microscopic (TEM) studies. The TEM
micrograph of Zn1xMnxO (x= 0.022, 0.061 and 0.098)
nanoparticles, shown in Fig. 4, indicates that the particles
are uniform in size and hexagonal in shape. The average grain
size estimated from these micrographs was found to be 18, 15
and 9 nm respectively which decreases on increasing Mn con-
centration in Zn lattice. The decrease in average particle size
with increasing dopant ion concentration may be due to the
lattice distortion and the internal stress which arises from the
radius difference between Mn2+ and Zn2+ (Wei et al., 2008;
Lee et al., 1998, Ahmad et al., 2013).
Room temperature UV–visible spectroscopic measurements
were carried out in the range 200–900 nm to study the effect of
manganese doping on the band gap of ZnO. Fig. 5 shows the
reﬂectance spectra of Mn-doped ZnO nanoparticles. The ﬁrst
absorption band appeared at around 360 nm, which is the
characteristic absorption edge of ZnO. Apart from the band
gap transition, other absorption edges were also appeared.
The second strong absorption in the range of 410–510 nm cor-
responds to the 6A1(S)ﬁ 4T2(G) transition at Mn2+ sites.
Similar spin forbidden transition is reported earlier for Mn-
doped ZnO system (Norberg et al., 2004; Fukumura et al.,
1999; Bates et al., 1966; Jin et al., 2000; Deka and Joy,
2007). This may be due to the lattice distortion which arises be-
cause of the incorporation of larger Mn2+ ions in ZnO matrix
(Norberg et al., 2004; Fukumura et al., 1999; Bates et al., 1966;
Jin et al., 2000; Deka and Joy, 2007). A weak absorption peak
appearing at around 680 nm may be due to spin forbidden 6A1
(S)ﬁ 4T1 (G) transition of Mn2+ (Bates et al., 1966; Deka and
Joy, 2007). Thus, optical studies conﬁrmed the presence of
Mn2+ ions in tetrahedral sites. The band gap of these nano-
particles is calculated from the Kubelka–Munk plot (Fig. 6)
and comes out to be 3.32, 3.30 and 3.28 nm respectively which
decreases on increasing Mn concentration from 2.19% to
9.8% respectively. The decrease in the band gap may be due
to the sp-d exchange interactions between the band electrons
and the localized d electrons of the substituted Mn2+ ions
(Ogale et al., 2003; Park and Kim, 2003; Bouloudenine et al.,
2004; Colis et al., 2006; Bouaine et al., 2007; Khatoon and Ah-
mad, 2012; Khatoon et al., 2013).
Fig. 7 shows the N2 adsorption–desorption isotherm of
Mn-doped ZnO nanoparticles. Isotherm displays the type IV
curve with H3 type hysteresis loop. This type of hysteresis loop
usually appeared for mesoporous materials (Sing et al., 1985).
The speciﬁc surface area of these nanoparticles is estimated
from BET plots in the P/P0 ranging from 0.05 to 0.30 and
comes out to be 255.4, 520.4 and 582.9 m2g1 respectively.
This is the highest value of the surface area as reported earliers of Zn1xMnxO nanoparticles using oxalate precursor route: Optical
doi.org/10.1016/j.arabjc.2013.07.046
Figure 9 Temperature dependence of molar magnetic suscepti-
bility and inverse susceptibility plot of Zn1xMnxO (x= 0.022,
0.061 and 0.098) nanoparticles measured at magnetic ﬁeld of 1
kOe.
Figure 10 Magnetic ﬁeld versus magnetic moment plot of
Zn1xMnxO (x= 0.022, 0.061 and 0.098) nanoparticles measured
at temperature of 5 K.
6 T. Ahmad et al.to the best of our knowledge. It has been observed that the sur-
face area increases on increasing the dopant ion concentration.
This may be due to the decrease in particle size. The pore size
has been determined from the BJH method (Fig. 8) and found
to be 18.38, 16.42 and 16.39 A˚ respectively. The increase in
surface area and decrease in pore radius on increasing the
Mn concentration are attributed to the decrease in average
grain size due to an increase in disorder with the incorporation
of Mn ions in Zn matrix (Barick et al., 2008). Variations of
surface area, pore radius and particle size of Mn-doped ZnO
have been tabulated in Table 3.
The temperature dependence (5 K < T< 300 K) of the
molar magnetic susceptibility and inverse molar magnetic sus-Please cite this article in press as: Ahmad, T. et al., Solvothermal synthesi
and magnetic properties. Arabian Journal of Chemistry (2013), http://dx.ceptibility of Mn-doped ZnO solid solutions is plotted in
Fig. 9. The molar magnetic susceptibility decreases continu-
ously with increasing temperature, indicating the paramagnetic
behaviour of the samples. It can be clearly seen from the in-
verse molar susceptibility versus temperature plot that v1M vary
linearly with temperature. The result is consistent with the
Curie–Weiss equation
v ¼ C=ðTþ hÞ
where, v is the magnetic susceptibility, C is the Curie constant
and h is the Curie–Weiss temperature. The Curie–Weiss tem-
perature for Zn1xMnxO (x= 0.022, 0.061 and 0.098) is close
to zero. The exact temperature ranges of Curie–Weiss behav-
iour depend on the composition of the solid solutions. Using
the least square ﬁtting procedure, Curie constants and the
effective magnetic moment have been determined and come
out to be 0.4, 7 and 12 K respectively. This indicates
the antiferromagnetic exchange between Mn ions is very weak.
The calculated effective magnetic moment, leff comes out to be
4.91, 4.67 and 4.18 lB/Mn
2+ respectively. It is found that leff
for the sample with low doping concentration (x= 0.022) is
consistent with the theoretical value (5 lB/Mn
2+), indicating
the presence of Mn2+. However, the effective magnetic mo-
ment decreases on increasing the Mn concentration. The lower
value of the effective magnetic moment may be due to some
mixed valence state at manganese site.
Additional information of magnetic behaviour can be
achieved from magnetic ﬁeld versus magnetic moment curve
(Fig. 10). All curves passing to zero, conﬁrmed the paramag-
netic nature of Mn-doped ZnO nanoparticles. Hence all the
studies provide strong evidence that the 2.2% Mn ions were
completely substituted in ZnO matrix.
5. Conclusions
Zn1xMnxO (x= 0.022, 0.061 and 0.098) nanoparticles have
been synthesized by the solvothermal method through the oxa-
late precursor route. The kinetic analysis according to the
Freeman and Carroll method showed an increase in activation
energy with increasing manganese concentration. XRD results
revealed that the solubility limit of Mn2+ ions in ZnO is lesss of Zn1xMnxO nanoparticles using oxalate precursor route: Optical
doi.org/10.1016/j.arabjc.2013.07.046
Solvothermal synthesis of Zn1xMnxO nanoparticles using oxalate precursor route: Optical and magnetic properties 7than 2.2%. The appearance of 6A1(S)ﬁ 4T1(G) and
4T1ﬁ 4A2 transitions conﬁrmed the incorporation of Mn2+
in ZnO lattice. The energy band gap of these nanoparticles de-
creases on increasing Mn content. TEM studies showed that
the particle size decreases (18 to 9 nm) on increasing Mn con-
centration. The very high surface area of 255.4, 520.4 and
582.9 m2g1 respectively has been obtained for the ﬁrst time.
All the samples showed paramagnetism with very weak antifer-
romagnetic interactions. Collective evidence from X-ray dif-
fraction, reﬂectance and magnetic measurements suggests
that Mn2+ is incorporated in ZnO lattice site.Acknowledgements
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